Introduction: Osteoarthritis (OA) is a degenerative disease of the articular joints characterized by both mechanical and enzymatic cartilage degradation. Matrix metalloproteinases (MMPs) are zinc-dependent degradative enzymes with principal roles in cartilage degradation and OA. Functional imaging of MMP activity in-vivo, before structural changes to cartilage are apparent, could be a powerful tool to study OA progression and the efficacy of intervention strategies. Here we characterize the utility of a functional imaging probe (MMPSense750) for OA research, using chondrocyte cultures, a cartilage explant injury model, and an in-vivo mouse model of joint injury. We demonstrate that injurious compression of cartilage explants and in-vivo joint injury cause a rapid and sustained increase in MMPSense signal, providing a promising functional imaging reagent for in-vivo and in-vitro studies of OA.
To examine how well the fluorescent signal correlated to the MMP activity at each time point, Pearson's correlation coefficients (R) were calculated for each combination of MMPSense and time, with an R2 value above 0.8 considered a strong correlation (Fig1) . For all MMPs, the best correlation between MMP activity and fluorescent signal occurred at the higher concentrations of MMPSense probe, 2.0 or 0.7µM. Surprisingly, the best time to measure fluorescence intensity was highly dependent on the types of MMP enzyme. For MMP-13, high correlations were observed as early as 15 m, while MMP-3 started to become significant after 60 m, and MMP-9 not until after 24 h. At the later time points the MMP activity and fluorescent signal were highly correlated for all three MMP enzymes. With respect to the detection limit, we examined the fluorescent signal over time for each enzyme and the higher MMPSense probe concentrations (Fig2). While higher concentrations of MMPSense yielded greater absolute fluorescence signals, the statistical analysis showed no benefit of the 2µM compared to 0.7µM MMPSense probe. Taken together, these results indicate that 0.7µM of MMPSense750 at 24 h yields the best assay to measure the activities of the three OA-related MMPs over the greatest range of concentrations. MMP activity in cartilage explants IL-1b was used to induce a catabolic response in bovine cartilage explants. The MMPSense signal in culture media of the IL-1b group at day 3 was significantly greater than that of the control group both at 60 m and 24 h after adding MMPSense750. At day 6, fluorescence intensity in the IL-1b group was significantly greater than in the control group at 24 h (but not 60 m) after adding MMPSense750. Rapid mechanical compression was used to mimic injury of the cartilage explants. In the mechanical injury group, MMPSense signal at day 3 was significantly greater than that of the control group at both 60 m and 24 h after adding MMPSense750. At day 6, the trends are similar to the IL-1b treatment, with greater fluorescence at the 24 h, although this did not reach statistical significance. MMP activity in-vivo after knee injury In vivo, the non-surgical joint injury caused a substantial increase in the fluorescence intensity in the injured right knee relative to the uninjured left knee of the same animal, indicating that injury increased the local MMP activity (Fig3). We further measured the mRNA expression of MMP-3, -9, and -13 immediately after the imaging was completed. The results showed elevated mRNA expression of MMP-3 in the injured knee at this time point (48 h after injury), while the expression of MMP-9 and -13 were not statistically different in the injured and contralateral limb at this time point. Discussion: MMPs are secreted as inactive pro-enzymes, and mRNA expression does not necessarily correlate with the enzymatic activity that causes cartilage degradation in OA. Quantification of enzyme activity can offer insight into the degradative processes occurring within the joint before structural changes are evident radiographically. We found that MMPSense750 is a convenient tool to noninvasively detect MMP activities for in-vitro study with cartilage, as well as in-vivo studies of knee injury. The best concentration of MMPSense750 for in vitro study was 0.7µM, and the best time to measure fluorescence intensity was highly dependent on the type of MMP enzyme (MMP-13: early, MMP-3: intermediate, MMP-3: late). Mechanical impact or cytokine treatment on cartilage explant increased the fluorescent signal in culture media. Injured knees of mice showed significantly higher fluorescent signal than uninjured.
Significance: There is no method that can non-invasively detect real time MMP activity which has strong relationship to symptom or severity of OA in clinical setting. This study can contribute to develop such methods.
